In his study of depth from monocular elements, Kaye (1978) [Kaye, M. (1978) . Stereopsis without binocular correlation. Vision Research, 18(8), 1013Research, 18(8), -1022 reported that monocular stimuli, briefly presented to one eye in a stereoscopic display, generated reliable depth percepts. Here we replicate and extend Kaye's findings in an effort to identify the mechanism underlying the phenomenon. Our experiments show that the perception of depth is not a simple result of monocular local sign, for the percept of depth disappears when one eye is patched. In subsequent experiments we assess the possibility that the percept results from a very coarse stereoscopic match to either the centroid of the luminance distribution in the unstimulated eye or a simple match to the line of sight in the unstimulated eye. Our results consistently support the match-to-fovea account, and lead us to conclude that monoptic depth is a stereoscopic phenomenon.
Introduction
In the 19th century, Hering (1861) proposed that in addition to the local sign information specifying visual direction, each retinal position gave rise to a ''depth sensation''. That is, positions on the temporal retinae produced a depth sensation of ''near'' (decreasing depth) for which the amount of perceived depth would increase with distance from the fovea, while positions on the nasal retinae produced a sensation of ''far'' (increasing depth), also with an increased perceived depth with distance from the fovea. Binocularly viewed targets with symmetric vergence normally stimulate the nasal retina of one eye and the temporal retina of the other (Fig. 1) , so, according to Hering's theory, perceived depth depends on the difference between the magnitude (distance from fovea) of the temporal and nasal signals. If exactly balanced, targets would appear to lie in the fixation plane. Helmholtz (1910) ridiculed this notion, citing numerous examples where the theory would fail. In particular, he noted that, according to Hering's theory, an isolated monocular feature should have a specific depth that depended on its retinal location. He also pointed out that a monocularly viewed scene should appear tilted. Viewing the world through one eye does not cause scenes to appear tilted. However, in l978 Kaye provided convincing empirical evidence that ordinal depth perception can result from transient presentation of monocular stimuli. Further, Kaye's results confirmed Hering's prediction that stimuli presented to the nasal retina would appear more distant than those presented to the temporal retina. Kaye (1978) proposed a model of this phenomenon that implemented a modified version of the local sign account originally proposed by Hering, based on the weak stimulation of disparity selective neurons by the monocular stimulus. Regardless of the specific nature of the disparity detectors used to signal depth, Kaye's solution relies on the local sign, or position of the monocular image on the retina (see Fig. 1 ). Kaye concluded his paper with a comment on the possibility that this low-level stimulation could form the basis for the stable depth percept of regions in a scene 0042-6989/$ -see front matter Ó 2007 Elsevier Ltd. All rights reserved. doi:10.1016/j.visres. 2007.04.022 that are visible to one eye only due to occlusion. In making this speculation he anticipated the now widely recognized contribution of such monocularly occluded regions to stereoscopic depth perception (e.g. Gillam & Borsting, 1988; Nakayama & Shimojo, 1990) .
Recent psychophysical experiments reveal another potential explanation, namely coarse stereoscopic matching. There is a long-standing debate concerning the processing of large and small disparities. The literature has supported the presence of a continuum of essentially identical disparity detectors that process the full range of fine to coarse disparities (Ogle, 1953; Richards & Kaye, 1974) . This same literature also supports the alternative position, that there is a distinct population of coarse disparity detectors with substantially different response properties from those that signal small depth differences (Hess & Wilcox, 1994; Mitchell, 1966 Mitchell, , 1969 Ogle, 1953; Schor & Wood, 1983; Westheimer and Irving, 1956 ). For example, Mitchell (1969) demonstrated that, at large disparities, observers could identify the signed disparity of stereoscopic halfimages that were grossly dissimilar in shape, or of orthogonal orientations. In a subsequent study on convergence, Mitchell (1970) found that disparities of up to ten degrees and vastly different contrast would initiate convergence movements. Moreover, half-images of hugely different luminances, of opposite contrasts, or with significant vertical disparities, would all drive convergence movements. Mitchell noted that the subjective impression of depth produced by these targets agreed with the direction of the convergence movements. Richards and Foley (1974) found that reducing target contrast actually improved large disparity (2-4 deg) judgments, contrary to the pattern found at small disparities, a result that was later replicated by Wilcox and Hess (1995) .
The poor spatial resolution of coarse mechanisms might account for stereo matches between dissimilar features, but other aspects of large disparity processing are not so easily explained by a scaled version of a fine disparity mechanism. For example, the sensitivity of stereopsis falls off exponentially as a function of disparity pedestal. Exponential functions are unusual in sensory processing systems, and typically indicate saturation. Recent results show that disparity increment thresholds follow Weber's law at small disparities, deviating significantly only as the stereo images become diplopic (McKee, Levi, & Bowne, 1990) . In their comprehensive study of disparity increment thresholds for narrow-band filtered random dot patterns, Smallman and MacLeod (1997) noted that the Weber range varied with the peak frequency of the target. Their data show that the Weber function prevails until the interocular phase of the half-images exceeds about 300 degrees, at the peak frequency. If ever-larger stereo mechanisms are invoked to handle larger disparities, there is no obvious reason for an exponential rise in thresholds, because some coarse mechanism should always see an appropriate phase disparity. Thus, this pattern of sensitivity suggests the existence of a separate coarse mechanism for perceiving very large disparities.
Recent psychophysical studies have provided compelling evidence for a non-linear disparity mechanism that is selective for coarse disparities (Hess & Wilcox, 1994; Kovacs & Feher, 1997; Langley, Fleet, & Hibbard, 1999; Lin & Wilson, 1995; Sato & Nishida, 1994; Sato, 1983; Wilcox and Hess, 1995 , 1998 . These studies typically use stereo half-images consisting of uncorrelated patches, amplitude modulated (AM) gratings or contrast modulated (CM) gratings that are poor stimuli for the types of linearfilter mechanisms identified by physiological studies (Ohzawa, DeAngelis, & Freeman, 1990 . Generally, these studies show that the stereo system responds to the envelope of the half-images, a type of non-linearity 1 that would account for Mitchell's observations on the depth produced by dissimilar half-images, and could account for Kaye's (1978) observations.
To date monocular local sign and coarse matching both remain viable explanations for the monoptic depth phenomenon 2 predicted by Hering, and documented by Kaye (1978) . The aim of our work here is to identify the source of monoptic depth perception and in doing so clarify the relationship between depth from monoptic targets and depth from diplopic images. 
General methods

Subjects
All participants in our experiments had normal or corrected to normal vision and excellent stereopsis (assessed psychophysically). The only selection criteria were that subjects had no history of visual disorders, and that they could see depth via stereopsis (two subjects were excluded because they could not perform our stereoscopic task). Of a set of five observers (two naïve), at least three participated in any given experiment and all were unaware of the specific test condition (i.e. eye, offset direction) on each trial.
Apparatus
Stimuli were generated on two Sony 14 00 RGB monitors subtending 9 · 12 deg, precisely calibrated using a Prichard TM Photometer. A mirror stereoscope was used to present the stereo half-images on the two monitors to the observer's eyes. The monitors, each located 122.4 cm from the observer's head, were arranged in a parallel configuration on a large stable platform. Angled mirrors in front of each monitor reflected the images into a second set of mirrors placed directly in front of the eyes. The second set of mirrors formed a steep angle in front of the observer's nose such that one screen was visible to each eye. A septum, placed perpendicular to the observer's forehead, guaranteed that each eye could see only one screen. In this configuration, one pixel subtended 0.71 0 (arc min). The background luminance was approximately 30 cd/m 2 and the white stimulus bars were 60 cd/m 2 resulting in a maximum Michelson contrast of 33% (except when the luminance of the test stimuli was varied, in which case contrast is reported as required). The experimental setup was indirectly illuminated at a photopic level. Display luminance was calibrated under the same lighting conditions used for the experiments.
Stimulus configuration
The test targets for these experiments were 60 · 8.5 min white bars positioned on a grey background. Nonius lines were visible prior to each trial to guide vergence at the beginning of a trial. These lines were 70 by 2.1 0 and were separated vertically by 70 0 to avoid interaction with the test stimulus. The test stimulus was presented 132 ms following extinction of the nonius lines to avoid temporal integration phenomena (see Julesz & White 1969; Gheorghiu & Erkelens 2005) . When a fixation point was used (for observer EC who had difficulties maintaining vergence), a small black dot was presented in the centre of the display prior to the onset of a trial, along with the Nonius lines. The targets were presented along the horizontal midline of the display. No guides were visible during stimulus presentation, but they reappeared 1 s afterwards. Although vergence was not measured directly, we used an exposure duration of 68 ms which is less than the latency required to initiate voluntary convergence at the midline (Rashbass & Westheimer, 1961) . From this we are confident that observers did not systematically alter vergence during stimulus presentation.
On stereoscopic trials the target bar was displaced horizontally in equal and opposite directions in each eye by a specified disparity or 'offset'. On monocular trials, only one eye viewed the stimulus, and its horizontal offset was measured relative to the centre of the display, where subjects were told to fixate (and where the Nonius lines appeared). Note that in Experiment 2 only one of the Nonius lines was visible because the other eye was covered with an opaque patch.
Experimental procedure
At the beginning of each trial, only the white Nonius lines on the uniform grey background were visible. When the Nonius lines appeared aligned, the observer pressed a button to initiate presentation of the stimulus. The test stimulus was presented 132 ms following the disappearance of the nonius lines. This interval was long enough to avoid any temporal integration of the nonius lines and test stimuli but short enough to avoid eye movements. Experienced psychophysical observers (LW, JH, LM and SM) were able to hold their vergence stable during this interval, without the aid of a binocular reference point. As noted above the less experienced observer (EC) required a binocular fixation point presented along with the test stimulus. All observers then judged whether the subsequently presented target appeared in front or behind the fixation plane. They were not given any feedback regarding the veracity of their response. The uniform field was viewed until the observer responded, at which point the Nonius lines reappeared. This test cycle continued until 50 responses were made for each condition (eye tested, location of stimulus) at each offset. Observers completed at least three separate blocks of trials for each condition for a minimum of 100 trials; the naïve observers typically completed 200-300 trials per condition. In all figures shown here we have plotted the average 'percentage consistent' either across observers, or when appropriate, for each observer separately (what we mean by 'consistent' is described in detail below). The error bars represent one standard error of the mean calculated from at least three blocks of 50 trials. We blocked stereoscopic and monoptic trials so that monocular stimuli were not interleaved with their stereoscopic counterparts.
3 Further, all subjects in Experiment 1 completed monocular testing before participating in the stereoscopic trials. This careful ordering safeguarded against the (albeit remote) possibility that viewing stereoscopic patterns would establish an expectation of depth, which would then influence their responses on monocular trials with the same stimulus.
4 Within a test block the direction of offset and eye stimulated varied randomly, making it virtually impossible for subjects to complete this task using eye-of-origin information. This assertion was confirmed in a subsequent control experiment in which four subjects were asked to indicate which eye was stimulated instead of the direction of the depth offset for targets identical to those used in Experiment 1. Performance was at chance for all subjects. Similarly Harris and McKee (1996) found that simple eye-of-origin signals were not used to determine relative depth in their monoptic depth experiments.
Data analysis
Stereoscopic conditions were analysed conventionally, that is, crossed and uncrossed disparities correspond to 'front' and 'behind' respectively. The appropriate scoring rubric for monocular trials is less obvious. Kaye's (1978) results showed that, for fixation along the midline, stimulation of the temporal retina should result in the percept 'in front' and stimulation of the nasal retina 'behind'. Thus monocular judgments were scored as consistent if they followed the same pattern as judgments of the binocular test targets, i.e., if monocular targets presented in temporal retina were labeled ''in front'', and those in nasal retina were labeled ''behind''.
Experiment 1: The main effect
Introduction
The goal of Experiment 1 was to replicate and extend the results reported by Kaye (1978) , namely that observers report a consistent depth sign for monoptically presented targets. Using the monoptic and stereoscopic stimuli, and the apparatus and procedure described above we assessed percent consistent for monocular and stereoscopic targets. Offsets from the midline of 1 min to 60 min were tested for all three subjects, while one subject also completed trials with an offset of 120 min.
Results and discussion
The results of this experiment are shown in Fig. 2 , for three subjects. The graphs depict percent consistent for monocular (filled circles) and stereoscopic (open squares) stimuli at a range of test offsets. The abscissa in Fig. 2 shows the stimulus offset in one eye, for both conditions, thus the total offset (horizontal binocular disparity) in the stereoscopic condition was two times this value.
In the stereoscopic task all observers showed an initial improvement in performance with increased disparity. While each subject achieved their optimal performance at a different disparity, all exhibited a plateau where performance remained between 80% and 100% correct. Depth judgments for monoptic stimuli were also very consistent across subjects. Initially, at the smallest offset relative to fixation, performance hovered near chance, but then rose steeply. Performance tended to plateau at or near an offset of 7 0 , A striking feature of the data is that, for large offsets performance asymptotes at 70-80%, never stabilized near 100%. These results demonstrate that a consistent depth signal is assigned to monoptically presented targets, though one that is not always reliable. The results are consistent with those of Kaye (1978) in emphasizing the coarse nature of this phenomenon. In addition, the sharp deterioration in performance below offsets of 7 min confirms that monoptic performance in general is not mediated by an utrocular discrimination; there is no reason to expect that if subjects could use eye-of-origin information, that it would become unavailable at small stimulus offsets. Similarly, the decline in performance at small offsets supports our claim that the depth percepts do not result from temporal integration of the nonius pattern and the test stimulus.
Experiment 2: The monocular local sign hypothesis
Introduction
In our first experiment, our observers demonstrated that monoptic depth is robust, and consistent across observers. In the remaining series of experiments we explore the basis for this percept, beginning with a test of accounts based purely on the local sign, or the retinal region stimulated, in one eye. It is important to note here that this class of explanation assumes that the depth percept is purely monocular in origin; therefore, the state of the unstimulated eye should be irrelevant. To test this hypothesis, we repeated Experiment 1, but instead of viewing a blank display at mean luminance, the unstimulated eye was covered with an opaque black patch. Rather than measure the complete response function, we tested all subjects at one offset (60 0 ). If monoptic depth is truly a monocular phenomenon, then percent consistent for the monocular targets should remain similar to that found in Experiment 1, near 70%.
Results and discussion
Judgments of near vs. far were obtained for monocular stimuli (with each eye tested separately) and then scored in terms of the location of the stimulus on the retina using the rubric that temporal stimulation should produce near responses, and nasal stimulation far responses. To aid presentation, data were collapsed across the eye tested. The resultant percent consistent scores are plotted in Fig. 3 for four observers. For all of our observers, performance fell to near chance levels (50%) when they wore a patch over the unstimulated eye, as did the self-reports of perceived depth. These data clearly demonstrate that this phenomenon is a binocular one, and as such requires stimulation of both eyes.
Experiment 3
Introduction
Experiment 2 provides convincing evidence that monoptic depth relies on binocular processing but these data do not speak to the nature of this processing. That is, while we know that there must be binocular combination or interaction prior to generation of the monoptic depth signal, we do not know what form this takes. Consider what information could be matched between the two eyes; given our impoverished displays, there are very few options available but we have identified two possibilities:
1. that the match is made to the centroid of the luminance distribution. This proposal is consistent with the visual system relying on the coarse, 2nd-order mechanism previously identified by Hess and Wilcox (1994) . 2. the match is made to the line of sight or fovea, of the unstimulated eye. If observers were able to hold steady fixation, then choosing the point where the lines of sight cross is one way to constrain an otherwise infinite set of possible depths. The problem is how this could be achieved. Remember that there is no reference in the unstimulated eye, hence the most likely source of information comes from eye muscle signals indicating the visual direction in which the eye is pointing. This is therefore not really a 'match' in the strictest sense, but we will refer to it as such here for ease of presentation.
Reference to Fig. 1 confirms that with symmetric vergence either matching hypothesis predicts the temporal = near, nasal = far relationship seen in Experiment 1.
A closer look at the viewing geometry shows that it is possible to disrupt this relationship by manipulating gaze angle. This was our aim in Experiment 3; Figs. 4 and 5 illustrate the test conditions using ray diagrams, and the predictions made by our two coarse-match hypotheses. In doing so, the key assumption we make is that the monocular target is matched to the centre of the luminance distribution (Fig. 4) or the fovea (Fig. 5) in the other eye. The white and grey circles show predicted depth matches and represent the location where the line of sight from the monoptic target crosses the line of sight corresponding to the centroid of the screen in or fovea of the other eye. Fig. 4 shows that, assuming the match to centroid and eccentric fixation (either to the left or right), there is a region between screen centre and fixation where the local sign rule does not apply, instead the relationship is reversed (indicated by the grey horizontal bar in Fig. 4 ). On either side of this region the relationship between retinal location and position in depth is the same as that observed for symmetric vergence. If subjects match the monoptic element to the centroid of the screen luminance in the other eye we predict that performance will follow the temporal = near, nasal = far rule, except when the target falls between fixation and screen centre. For this region, observers should reverse the rule, and their performance should fall significantly below 50% for trials when the target is located in that region.
Predictions of match to centroid
Predictions of match to fovea
If instead of matching the monoptic target to some property of the uniform display, the visual system defaults to matching to the line of sight to the fovea in the unstimulated eye, the predictions are simplified considerably. As was the case with symmetric vergence, the predicted depth percept corresponds consistently with the location of the stimulus on the retina. Therefore, observers should use the local sign rule under all conditions (see Fig. 5 ).
Apart from the presence of a small fixation circle (diameter = 1.4 0 ) the stimulus parameters and timing were identical to those used in Experiment 1. The fixation marker was presented at 1.42 deg either left or right of centre, and the test bar was presented at ±0.71 deg and ±2.13 deg (relative to the screen centre). Observer LM appeared to be at chance for all conditions, a fact that could have reflected the large range of offsets used. To assess this, we retested her using a smaller range of offsets (fixation = 0.71, test = ±0.36 and ±1.42) and both sets of data are shown in Fig. 6 .
Results and discussion
To score the responses in Experiment 3 we determined the expected response given the retinal location stimulated under each combination of gaze direction, eye tested, and stimulus location. The data were then subdivided into two categories, which we will refer to as 'no conflict' and 'conflict'. No conflict conditions are ones in which the predicted percept is the same for both the luminance centroid match and the foveal match, consistent with local sign rule (temporal = near, nasal = far). Conflict conditions are, as described above, observed when the stimulus lies between fixation and the screen centre; in such cases, the predicted percept, according to the centroid match only, is the reverse of the local sign rule. The results for three subjects (with the two sets of data for LM) are depicted in Fig. 6 . We plot the percentage of responses consistent with the temporal = near, nasal = far rule, as in the graphs for the previous experiments. Recall that if the centroid match hypothesis holds across all conditions, then we would predict that in the conflict conditions, the percent consistent should drop to near 30% because 70% of the responses should be in the opposite direction. If a foveal match is made, then performance should remain above chance in all conditions. Inspection of Fig. 6 reveals that, in the no conflict (grey bars) conditions, two of the three observers' responses are close to 80%, consistent with the prediction based on both the foveal match [have replaced this because we call it foveal match above] and centroid match. However, LM shows no consistent pattern of response, at either range of offsets. In the conflict conditions (black bars) where the retinal location and centroid match hypotheses predict opposite percepts, two observers' responses again follow the pattern predicted by the foveal match. Again, LM is close to the 50% level. Importantly, none of the three observers consistently reversed depth ordering in the conflict region as would be evidenced by performance significantly below 50%. We must therefore reject the hypothesis that there is a coarse match between the monoptic target and the centroid of the luminance distribution in the other eye. Instead, the data from two of our three subjects suggest that the line of sight to the fovea of the unstimulated eye is used to match the monoptic target.
It appears that, for two of our three observers, the temporal = near, nasal = far rule is used regardless of whether vergence is symmetric or asymmetric. Thus, the data support a modified form of Hering's local sign which incorporates matching to the fovea of the unstimulated eye. It is not clear why LM could not see monoptic depth consistently with eccentric gaze, particularly when her results from Experiment 1 show a reliable depth percept under monoptic conditions with symmetric vergence. As noted above, the coarse matching of the monoptic stimulus with the fovea in the unstimulated eye predicts depth percepts that follow the local sign rule. However, a closer look at the geometry suggests that there should be an upper limit to this relationship which depends on the separation between the target and fixation. As illustrated in Fig. 7 , at large target-fixation separations, the lines of sight from the target and fovea do not intersect, therefore the predicted depth percept is undetermined. One can easily estimate this separation limit, as shown in Fig. 7 the lines of sight (target and foveal) are parallel when the separation between the target and fixation equals the interocular distance (IOD).
For the experiments presented here, if we assume an average IOD of 6.5 cm and a viewing distance of 122.4 cm the limit should be at or near separations of 3. In a separate follow-up condition we chose a monoptic stimulus beyond the predicted upper limit based on the match-to-fovea hypothesis to test whether monoptic depth perception conforms with this notional limit. Again we measured depth perception in the same manner as Experiment 1, with monoptic and stereoscopic targets presented in the same screen locations, but asked subjects to fixate a point approximately 6 deg to the left/right of the screen centre. At this eccentricity, the target was still clearly visible and subjects were tested at offsets of ±30 0 (relative to screen centre), a position that resulted in good performance for all subjects in Experiment 1 with central fixation. These offsets produced distances from fixation of 5.5 deg and 6.5 deg; values well above the upper limit predicted by the match-to-fovea hypothesis. No Nonius lines were presented and, for comparison, we assessed depth perception using conventional stereoscopic stimuli under the identical conditions.
As in the preceding experiments, observers' performance on this task was scored by first determining the retinal location stimulated by the target, and applying the rule: temporal = near, nasal = far. From this we can calculate the percentage of trials in which the response is consistent with the prediction established by Experiment 1 and by Kaye (1978) . The results of this study are shown in Fig. 8, for each of three subjects, tested with their preferred eye. Data are collapsed across fixations to the right or left, but only after being scored as described above. Recall that the match-to-fovea account predicts that the percept of depth should be lost under these test conditions.
There is a clear reduction in the observer's ability to recognize depth in this eccentric gaze condition, compared with that for Experiment 1 (average performance for the same offset of the monoptic target is shown by the dashed line in Fig. 8 ). This cannot be attributed to loss of visibility, as performance was not impaired by eccentric gaze for the stereoscopic test conditions. Taken together, the results of Experiment 3 and the follow-up study with 6 deg eccentric fixation support the proposal that monoptic depth is the result of a binocular match made between the monocular stimulus and the line of sight in the unstimulated eye.
General discussion
We have reported results of a series of experiments in which we initially replicated Kaye's (1978) results, and showed that the depth percept from monoptic elements is restricted to relatively large offsets (>7 min). In Experiments 2 and 3 we examined potential explanations for this phenomenon. The fact that the depth percept disappeared when one eye was covered argues against a strictly monocular local sign hypothesis, and highlights its binocular basis (Experiment 2). An alternative way to account for the results of Experiments 1 and 2 is to assume that when a monocular stimulus is viewed binocularly the visual system makes a coarse match to either the centroid of the luminance, or the fovea, in the 'unstimulated' eye. We tested this hypothesis in Experiment 3. In the critical condition where the predicted depth ordering according to coarse matching violated the local sign rule, one observer responded at chance levels, while the others continued to respond according to the location of retinal stimulation. These results are consistent with matching to the line of sight from the fovea in the unstimulated eye. Further, this proposal predicts that when the lines of sight from the target and to the fovea are parallel or diverge, there is no valid match, and consequently there should be no consistent depth percept. This is precisely what we found in the follow-up study with 6 deg eccentric fixation where the separation between the target and the fovea was greater than the interocular distance.
In sum, the results of the experiments reported here argue strongly against an explanation for monoptic depth that is based on monocular local sign alone. Instead the visual system appears to perform a coarse match to the line of sight to the fovea in the unstimulated eye. While the match to the fovea has the best explanatory power, it is not immediately clear why the visual system would default to this solution. One explanation is that our fovea is the region of highest resolution, and a singular location on each retina. Further because we tend to position objects of interest on the fovea, its location is well represented in the visual cortex. Another is that, when there is not enough visual information to constrain a depth percept the visual system may recruit extra-retinal information about gaze direction to help constrain depth perception. To use this information would require steady gaze. This could explain why some observers (particularly naïve ones) are unable to see consistent depth from monoptic stimuli.
Interestingly, this proposal may help further our understanding of the loss of monoptic depth due to patching observed in Experiment 2. It is well established that monocular patching causes a phoria, or drift, in the covered eye. The range and direction of this phoria varies considerably across subjects but, as demonstrated by Ono and Gonda (1978) and Park and Shebilske (1991) , can deviate as much as 6-8 deg. If some degree of phoria was induced in the patched eye in Experiment 2, the line of sight to the fovea could be correspondingly displaced, and predictable depth matches would not occur. It has been shown that perceived visual direction shifts along with the phoria (Park & Shebilske, 1991) therefore, there is some effect on perception of the eye rotation. However, the change in visual direction is not complete, and so it is difficult to predict exactly where the fovea would be pointing for any given subject. It is likely then, that in Experiment 2 on a trial-by-trial basis, the monocular target is matched to an undetermined location which is reflected in nearchance performance.
The foveal match hypothesis might also account for observations reported here, and in Kaye (1978) , that there is considerable individual variability in the perception of depth from monoptic stimuli. We also found that for some subjects (e.g. LM) the strength of the percept varied across sessions. This is consistent with there being differences in the extent to which individuals can maintain, and their visual systems monitor, coordinated eye movements. In addition, temporary factors such as fatigue or eyestrain could disrupt stable convergence and introduce matching error. Similarly, such vergence noise could account for the loss of monoptic depth percepts at small offsets (<7 0 ). However, we did not measure eye position here, so for now this proposal remains a tempting speculation.
Inferred occlusion
When Kaye published his paper in 1978 it was known that monocular occlusion could promote the percept of depth in 2D images (Lawson & Mount 1967; Gulick & Lawson, 1976) . However, the presence or absence of such regions in stereoscopic psychophysical displays was generally believed to be at best inconsequential and, at worst, a source of noise that exacerbates the binocular correspondence problem. Many recent experiments have shown that not only can the presence of ecologically valid binocular half-occlusion aid stereoscopic depth perception (Cook & Gillam, 2004; Gillam & Borsting, 1988; Howard & Duke, 2003; Nakayama & Shimojo, 1990; Pianta & Gillam, 2003a ,2003b but under some circumstances the presence of conflicting occlusion and disparity signals can degrade performance on a depth task (Nakayama & Shimojo, 1990) . Thus it is now widely held that mid or high-level processes that depend critically on global stimulus arrangement mediate depth from binocular half-occlusions (though see Tsai & Victor, 2005 for an alternative view).
The displays used in our experiments were deliberately impoverished, with only a single bar present in one eye and a blank field in the other. It is possible that the visual system could have inferred an illusory occluder in our displays, one that was rendered invisible because it shared the same luminance as the background. A number of factors lead us to reject this possibility. First, we consistently find that when monoptic depth occurs it follows the local sign rule. This relationship between retinal stimulation and depth ordering can only hold (according to an occlusion account) if the inferred occlusion arrangement is that of a simple depth step or occluder. There are innumerable occluding surface arrangements that would not be consistent with the temporal = near, nasal = far prediction (see Fig. 9 for one example) and would undermine the proposed occlusion account.
Second, we find that with an eccentric gaze angle of 6 deg monoptic depth percepts are lost, even though stereoscopic performance remains high. We can explain this deg- Fig. 9 . An example of one configuration in which the locations of monocular elements in depth (relative to fixation) do not consistently correspond to a given location on the retina. The black solid lines represent fixation, and the grey shading indicates points visible to the right eye only (as defined by the dashed line of sight). Notice that an element in the grey region could lie either in front of or behind the fixation point. The solid grey line depicts a possible match where the target lies in front of fixation, but stimulates the nasal retina. radation using the match-to-fovea hypothesis, but it is not consistent with an inferred occlusion explanation. If the percept of depth in our studies and those of Kaye (1978) were due to inferred occlusion, then changes in gaze angle should have no effect on perceived depth ordering; at least while the monoptic stimulus remains clearly visible. Finally, we note in Experiment 1 that for all observers performance falls to chance at offsets less than about 7 0 . As mentioned in the preceding section, we propose that this may be due to vergence noise that disrupts the match-tofovea. An occlusion-based account provides no ready explanation for this aspect of our data.
It is tempting to extrapolate from our results to infer that all instances of depth from binocularly viewed monocular targets can be explained using the match-to-fovea account. However, comparisons between our paradigm and those used in studies of binocular half-occlusion phenomena are difficult, primarily because we have deliberately omitted any neighbouring stereoscopic cues. In studies of occlusion (Cook & Gillam, 2004; Gillam & Borsting, 1988; Nakayama & Shimojo, 1990; Pianta & Gillam, 2003a ,2003b Shimojo & Nakayama, 1994) there is typically some stereoscopic structure present along with the binocular half-occlusion which could provide a reference plane. In addition, our data show that the monoptic depth percept is lost at small offsets, however, we know from studies of depth from occlusion that it is possible to obtain quite precise estimates of relative depth from these stimuli (see Pianta & Gillam, 2003a ,2003b . It remains to be determined whether this precision is due to the presence of a helpful zero-disparity reference plane, or to some combination of inferred occlusion and stereoscopic matching of the type shown here.
